I. INTRODUCTION
Tin compounds have found extensive use in organic synthesis. 1, 2 They are also industrially important in the production of tin-containing thin films, oxides, and heterostructures. Typical precursors for the practical chemical vapor deposition (CVD) of tin oxide are tin tetrachloride (SnCl 4 ), dimethyltin dichloride [(CH 3 ) 2 SnCl 2 ], and monobutyltin trichloride [n-C 4 H 9 SnCl 3 ]. 3, 4 In a recent review 3 of the gas-phase thermochemistry and mechanism of organometallic tin oxide CVD precursors, Allendorf and van Mol concluded that "lack of data concerning both the thermochemistry and kinetics of these reactions inhibits the development of predictive models that can be used for process optimization." This lack of fundamental data and the dearth of previous spectroscopic investigations stimulated our interest in small tin-containing reactive intermediates.
In recent years, tin-containing heterostructures such as Ge-Sn and Si-Ge-Sn have attracted a lot of attention due to the possibility of their extending and enhancing the properties of basic silicon devices. [5] [6] [7] Most of the recent work in this area has involved CVD growth of thin films on silicon or germanium substrates with stannane (SnH 4 or SnD 4 ) and germanium hydride (GeH 4 , Ge 2 H 6 , or Ge 3 H 8 ) feed gases. Our review of the literature showed that even the very simplest polyatomic tin-containing species, tin dihydride, was unknown in the gas phase despite its likely intermediacy in such CVD processes.
The lighter group IV dihydrides are well known. Methylene (CH 2 ), with a triplet (X 3 B 1 ) ground state, is the odd man a) Author to whom correspondence should be addressed: dclaser@uky.edu. out, as silylene (SiH 2 ) and germylene (GeH 2 ) both have all their electrons paired up (X 1 A 1 ) in the ground state. This is because the 2s and 2p orbitals of carbon are very close in energy, hybridization readily occurs (as evidenced by the CH 2 bond angle of ∼134 • ), 8 and the resulting sσ and pπ orbitals are almost degenerate, so formation of the triplet state avoids the energetic cost of spin pairing (singlet-triplet splitting of ∼3156 cm 1 ). By contrast, the heavy carbene analogs involve s and p valence orbitals of quite different energies, hybridization does not occur (the ground state bond angles are all near 90 • ), 9 and the sσ (a 1 ) and pπ (b 1 ) orbitals are much further apart (singlet-triplet splittings of ∼8000 cm 1 ). Both silylene and germylene are known to undergo a rotational-level-dependent predissociation in the first singlet excited electronic state which leads to production of hydrogen molecules and silicon or germanium atoms. 10, 11 For this reason, theÃ 1 B 1 -X 1 A 1 laser induced fluorescence (LIF) spectra of SiH 2 and GeH 2 exhibit a very limited number of rotational lines, terminating on the very lowest rotational energy levels in the excited state. The predissociation leads to rapidly decreasing fluorescence lifetimes in higher rotational states and marginal quantum yields of fluorescence.
The known properties of stannylene (SnH 2 ) come from a single infrared matrix study 12 and a few theoretical investigations. In 2002, the Lester Andrews group laser-ablated a tin rod and codeposited it with H 2 or D 2 in argon and observed SnH 2 /SnD 2 antisymmetric stretching (ν 3 ) bands at 1681.8/1200.7 cm 1 . There is no further experimental data available for tin dihydride.
In 1986, Balasubramanian 13 reported complete active space self-consistent field/configuration interaction (CAS SCF/CI) calculations on the ground and first two excited states of SnH 2 . Relativistic effects from the tin atom were estimated In the present work, we have produced SnH 2 and SnD 2 in the gas phase in a supersonic expansion discharge jet and detected it by laser induced fluorescence through theÃ 1 B 1 -X 1 A 1 electronic transition. Sufficient data have been obtained to determine the ground and excited state geometries of tin dihydride, and some of the vibrational frequencies in the combining states have been measured by LIF and emission spectroscopy. The LIF spectra and measured single rotational level fluorescence lifetimes show that SnH 2 undergoes a rotational-level-dependent predissociation in the excited state. Precise transition frequencies by which the reactive intermediate can be monitored by absorption or LIF methods have been measured.
II. EXPERIMENT
The SnH 2 or SnD 2 reactive intermediates were generated by seeding the vapor of a suitable tin-containing precursor into high pressure argon and subjecting pulses of this gas mixture to an electric discharge. As described in detail elsewhere, 17 ,18 a pulsed molecular beam valve (General Valve, series 9) injected the precursor mixture into a flow channel where an electric discharge between two stainless steel ring electrodes fragmented the precursor, producing tin dihydride and a variety of other products. The reactive intermediates were rotationally and vibrationally cooled by free jet expansion into vacuum at the exit of the pulsed discharge apparatus. A 1.0 cm long reheat tube 19 added to the end of the discharge channel increased production of the species of interest and suppressed the background glow from excited argon atoms.
Moderate resolution (0.1 cm 1 ) survey LIF spectra were recorded using a neodymium: yttrium aluminum garnet (Nd:YAG) pumped dye laser (Lumonics HD-500) excitation source. The fluorescence was collected by a lens and focused through appropriate longwave pass filters onto the photocathode of a photomultiplier tube (RCA C31034A). The spectra were calibrated with optogalvanic lines from various argonand neon-filled hollow cathode lamps to an estimated absolute accuracy of 0.1 cm 1 . The laser-induced fluorescence and calibration spectra were digitized and recorded simultaneously on a homebuilt computerized data acquisition system.
Higher resolution (0.035 cm 1 ) LIF spectra were obtained in the same apparatus using a Lambda Physik Scanmate 2E dye laser, with an angle-tuned etalon inserted in the cavity of the laser. The spectra were calibrated to an estimated accuracy of 0.005 cm 1 using I 2 LIF lines. 20 For emission spectroscopy, previously measured LIF band maxima in the spectra of SnH 2 or SnD 2 were excited by the dye laser and the resulting fluorescence was collected with an f /0.7 aspheric lens and imaged with f /4 optics onto the entrance slit of a 0.5 m scanning monochromator (Spex 500M). The pulsed fluorescence signals were detected with a gated CCD camera (Andor iStar 320T with 18 mm effective active area) and recorded digitally. The emission spectra were calibrated to an estimated accuracy of ±1 cm 1 using emission lines from a neon lamp. A 1200 line/mm grating blazed at 750 nm was employed in this work, which gave a bandpass of 29.9 nm with 18 mm effective active area on the CCD. A spectral resolution of 0.2 nm was typical, depending on the signal intensity.
Fluorescence lifetimes were measured by summation averaging 500 fluorescence decay curves employing a Tektronix TDS-3054 oscilloscope, with the excitation laser tuned to a single rotational LIF line. The laser was then slightly detuned from the LIF line, a second background sum was recorded, and it was subtracted from the fluorescence decay curve to remove the scattered laser light and discharge glow contributions. The resulting data were plotted as the natural log of the fluorescence intensity versus time, and the linear portion of the decay was least squares fitted to a straight line to obtain the fluorescence lifetime and statistical error.
Tetramethyltin (Aldrich, 95%), as received, was poured into a Pyrex U-tube, degassed, and pressurized with 40-60 psi of argon, and the mixture was used as a SnH 2 precursor. Stannane (SnH 4 ) and fully deuterated stannane (SnD 4 ) were synthesized by the low temperature reduction of SnCl 4 with LiAlH 4 /LiAlD 4 in anhydrous diglyme according to a method from the patent literature. 21 For use as an LIF precursor, the reactive and unstable stannane was distilled into a Pyrex Utube, cooled to 110 • C in an ethanol/liquid N 2 slush bath, and pressurized with 60 psi of argon.
A. Ab initio calculations
As a preliminary to exploratory experiments, we undertook a limited number of theoretical calculations of the properties of the ground (X 1 A 1 ) and first excited singlet (Ã 1 B 1 ) and triplet (ã 3 B 1 ) states of tin dihydride. First, we performed a series of density functional theory (DFT) calculations using the GAUSSIAN 09 program suite 22 with the Becke threeparameter hybrid density functional, 23 the Lee, Yang, and Parr correlation functional 24 (B3LYP), and Dunning's correlation consistent basis sets 25 augmented by diffuse functions (aug-cc-pVTZ). For the tin atom, an effective core potential (ECP) approach was adopted, using the aug-cc-pVTZpp basis set. 26 The geometric parameters of the three states were optimized, and the vibrational frequencies were calculated. In addition, higher level coupled cluster singles and doubles with triples added perturbatively [CCSD(T)] molecular structure and excitation energy calculations were also performed.
The results of our theoretical studies are summarized in Table I . In accord with all previous calculations, we find that tin dihydride is a nonlinear asymmetric top in all three states. With a bent molecular structure of C 2v symmetry, there are 2 show that the CCSD(T)/DFT calculations seriously underestimate the electronic excitation energies (but not the geometries or vibrational frequencies) of the heavyatom carbenes 27 due to the well-known multiconfigurational character of the ground states. To remedy this deficiency, we also used the symmetry adapted cluster-configuration interaction (SAC-CI) method implemented in GAUSSIAN 09 to obtain a better prediction. The geometries of the ground and first excited 1 B 1 states were optimized (results very similar to the B3LYP values in Table I ), and the difference of the energies was used to predict T e . These were corrected to T 0 values using the DFT vibrational frequencies, with the results given in Table I .
Our best theoretical estimate (SAC-CI) of the location of theÃ 1 B 1 -X 1 A 1 0-0 band of 120 SnH 2 is 15 442 cm 1 . The large increase in bond angle (∼30 • ) on electronic excitation mandates that the absorption band system should consist of an extensive progression in the excited state bending frequency of ∼650 cm 1 .
III. RESULTS AND ANALYSIS

A. LIF spectra
Exploratory LIF experiments using the commercially available tetramethyltin precursor showed a set of weak atomic-like lines near the blue edge of the DCM dye region, along with a system of other, as yet unidentified, bands, as shown in Fig. 1 . The set of lines was so similar to the spectra of the corresponding SiH 2 and GeH 2 species 10,11 that we suspected almost immediately that they were due to SnH 2 . Since there were no further similar sets of lines to lower energy, we assign the band in the 15 810-15 880 cm 1 region as the 0-0 band, in reasonable agreement with our 15 442 cm 1 prediction from the SAC-CI/DFT frequency calculations (Table I) .
In an attempt to increase the LIF signal intensity and eliminate the impurity bands, we synthesized stannane (SnH 4 ), fulfilling both aims, as is also shown in Fig. 1 . Deuterated stannane (see Fig. 1 ) gave a similar spectrum with a modest isotope shift (+26.9 cm 1 ), as expected from our ab initio results, and more rotational lines, as might be anticipated from the smaller rotational constants, and the comparison of SiD 2 and GeD 2 . 28, 29 As we scanned our LIF excitation laser to higher energy, four phenomena were observed, as illustrated in Fig. 2 . First, a series of approximately equally spaced bands with an interval of 634/454 cm 1 were found, entirely consistent with assigning them as the excited state bending progression of SnH 2 /SnD 2 . Second, the number of rotational lines found in each band FIG. 1. Low resolution LIF spectra of tin dihydride in the DCM laser dye region. The top spectrum is that obtained using a tetramethyltin/argon precursor mixture. The bands marked ? are as yet unassigned. The middle spectrum is that obtained using a SnH 4 /argon precursor. It shows a very strong SnH 2 0-0 band and a weaker 2 1 1 sequence band. The bottom spectrum is that recorded using SnD 4 /argon and exhibits the SnD 4 0-0 band, a weaker 2 1 1 band, and a weaker 2 0 1 hot band. Fig. 2 . Third, the individual rotational lines showed significant broadening as is also evident in Fig. 2 . Fourth, a very strong series of diatomic tin bands, identified by their hydrogen isotope independent ∼188 cm 1 vibrational frequency in emission spectra, 30 grow in, making it difficult to follow the course of the stannylene bands at higher wavenumbers. The observed LIF band positions and assignments are summarized in Table II . To prove conclusively that the new spectrum which we have ascribed to SnH 2 comes from a tin-containing molecule, we scanned some of the strongest lines in the LIF spectrum at high resolution, hoping to resolve some of the tin isotopologues. Tin has 10 naturally occurring isotopes of which 7 have abundances greater than 4%, with the most prominent being 120 Sn = 32.6% and 118 Sn = 24.2%. As shown in Fig. 3 , the strongest feature of the 2 2 0 band of SnH 2 exhibits precisely the expected isotopic pattern. In lower bands, the individual transitions of the various tin isotopes overlap and are not completely resolved at 0.03 cm 1 resolution.
Returning now to the 0-0 band of SnH 2 , we show it in detail in Fig. 4 rotational-level-dependent predissociation in the excited state. Thus, we might expect that the transitions observed by LIF would be to the very lowest rotational levels in v =0 and that higher levels would have much reduced fluorescence lifetimes and quantum yields of fluorescence. Using the rotational constants derived from our ab initio structures, we simulated the expected rotational structure of the band at a typical temperature of 10 K, assuming that only transitions to K a = 0 would be prominent. As shown in Fig. 4 , the comparison to the experiment is highly satisfactory, further confirming that SnH 2 is the carrier of the spectrum. It is important to emphasize that Boltzmann considerations would suggest that transitions from K a = 0 to K a = 1 levels would be expected to be the strongest in the spectrum, but no such transitions are observed, strengthening our hypothesis of an excited state rotationally mediated predissociation process.
Although the 0-0 band LIF spectrum of SnH 2 does not contain enough information to derive a molecular structure, it is fortunate that the spectrum of SnD 2 , shown in Fig. 5 , is much richer. Starting again with the ab initio geometries, we calculated the rotational constants and simulated the spectrum, which allowed us to make a set of initial assignments FIG. 4 . The rotationally resolved LIF spectrum of the 0-0 band of SnH 2 (top) and the calculated spectrum (bottom) using the rotational constants calculated from the DFT ab initio structure. Only transitions to the upper state K a = 0 levels were included in the calculation, with a rotational temperature of 10 K. The band origin was adjusted to match the experimental results. . The bottom spectrum is that calculated using the rotational constants in Table IV with a rotational temperature of 10 K. The stronger calculated transitions to K a = 0 are shown in blue, and the weaker transitions to K a = 1 are given in pink.
of the strong transitions to K a = 0. Bootstrapping up, we used our ASYROTWIN program 31 to fit the data and make further assignments of the weaker lines. In this way, a total of 39 transitions were fitted to an overall standard deviation of 0.014 cm 1 , varying the rotational constants in the upper and lower states and the band origin. The assignments are given in Table III , and the resulting constants are summarized in Table IV . Using these constants, we have calculated the rotational structure of the 0-0 band of SnD 2 at a temperature of 10 K, as shown in Fig. 5 . Although the line positions are accurately reproduced, the intensities of the transitions to K a = 1 levels are calculated to be much stronger than observed, due to the predissociation process. Clearly, the emission data, summarized in Table V , are entirely consistent with our assignment of the spectra as due to the SnH 2 /SnD 2 molecules. Figure 7 shows the fluorescence decay curves and lifetimes of the three lowest rotational levels of the zero-point vibrational level of the excited state of SnH 2 . In all cases, 5 . . . 2730 1 1 2 3 . . . 2831 2 6 . . . bands, they must also have substantial lifetimes, whereas the degradation of rotational structure in these higher bands points to rapid lifetime diminution with rotational energy. The decay dynamics are obviously very strongly dependent on the rotational state within a given excited state vibronic level, very similar to the behavior observed in silylene and germylene. 10, 11 IV. DISCUSSION A. The molecular structure of SnH 2 We have used the rotational constants determined from the 0-0 band LIF spectrum of SnD 2 to determine the molecular structure of tin dihydride. Planar moments (P A,B, or C ) rather than the raw rotational constants or moments of inertia were used for the least squares analysis to minimize correlations between the geometric parameters. Since the out-of-plane planar moment P C must by definition be zero, the data set included only P A and P B of SnD 2 . The resulting structures are summarized in Table VI . The agreement between the experimental and ab initio values (Table I) is very good. In the ground state, the SnH 2 bond length is only ∼0.013 Å shorter than that of the SnH free radical, 32 a trend that is found for the silylene and germylene species as well (see Table VI ). By contrast, the stannylene bond length is some 0.057 Å longer than the bond length of stannane 33 (SnH 4 ) with similar results for silylene (+0.034 Å) and germylene (+0.068 Å). The longer SnH 2 bond length is entirely consistent with a SnH 2 symmetric stretching frequency of 1679 cm 1 (Table V) which is substantially smaller than the symmetric stretching frequency of stannane (ν 1 = 1907.8 cm 1 ). 33 As early as 1986, Balasubramanian 13 noted the remarkable similarity of the calculated properties of the electronic 
C. Fluorescence lifetimes
B. Predissociation
All experimental indications (LIF spectra, fluorescence lifetimes, and linewidths) are that SnH 2 undergoes a rotationallevel-dependent predissociation process in the excited state, similar to that in SiH 2 and GeH 2 . In the case of the latter two molecules, the experimental and theoretical evidence suggests that the lower vibrational levels are predissociated leading to the products Si ( 3 P) + H 2 . The exact mechanism of this process is up for debate. Obi and co-workers 10, 28 have argued that the heterogeneous perturbation can be explained by the mech-
Others have suggested alternate pathways although the fine details are not well understood. 34, 35 Experimentally, there appears to be clear evidence of a barrier to dissociation 28 based on the rotational structure in the LIF spectra of SiH 2 and SiD 2 . For germanium dihydride, our own theoretical calculations predict a similar barrier to dissociation from theã 3 B 1 state. 11 At higher vibrational energies in the excited state, both SiH 2 and GeH 2 show evidence of a second dissociation channel which leads to a complete breaking off of fluorescence. Calculations indicate that this is the onset of the formation of excited state atoms ( 1 D) and ground state hydrogen molecules. Unfortunately, our SnH 2 spectra are so badly overlapped by strong Sn 2 bands that we cannot at present determine if there is a similar abrupt termination of the fluorescence for higher vibrational levels in theÃ state. Perhaps in future, experimental methods will be devised to produce SnH 2 without the diatomic tin products, which would help explore this point.
It seems most likely that the excited state dynamics of SnH 2 are very similar to the corresponding processes in silylene and germylene. At low vibrational energies, a rotationally mediated process leads to a predissociation producing an atom and a hydrogen molecule. This process is strongly affected by deuteration, which results in more extensive rotational structure in the LIF spectra of the deuterated species. The fluorescence lifetimes decrease very rapidly with total rotational angular momentum, even within the K a = 0 stack of levels. High level ab initio studies including the effects of spin-orbit coupling would be useful to see if the manifold of states, dissociation limits, and transition states of tin dihydride are similar to those of SiH 2 and GeH 2 .
V. CONCLUSIONS
The tin dihydride molecule has been conclusively identified in the gas phase. The LIF and emission spectra of SnH 2 and SnD 2 have been studied in some detail, and the ground and excited state vibrational frequencies, rotational constants, observed tin isotope splittings, and hydrogen/deuterium isotope effects are entirely consistent with expectations for tin dihydride. The rotational structure in the 0-0 band of SnD 2 has been analyzed and the molecular structure derived yielding a ground state bond length of 1.768 ± 0.004 Å and a bond angle of 91.0 • ± 0.3 • . The bond angle increases by 31.9 • and the bond length decreases by 0.039 Å on electronic excitation, trends predicted by our calculations at the CCSD(T) and B3LYP levels of theory. The limited rotational structure and intensity anomalies in the LIF spectra indicate that SnH 2 /SnD 2 undergoes a rotational-level-dependent predissociation process in theÃ 1 B 1 state. ACKNOWLEDGMENTS D.J.C. is very grateful to the staff of Ideal Vacuum Products LLC for making his sabbatical leave in Albuquerque in the spring of 2017 such an enjoyable and productive time. This research was funded by Ideal Vacuum Products.
